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Introduction 
 
Rechargeable lithium batteries continue to play the central role in power systems for port-
able electronics, and could play a role of increasing importance for hybrid transportation sys-
tems that use either hydrogen or fossil fuels. For example, fuel cells provide a steady supply 
of power, whereas batteries are superior when bursts of power are needed. The National Re-
search Council recently concluded that for dismounted soldiers "Among all possible energy 
sources, hybrid systems provide the most versatile solutions for meeting the diverse needs of 
the Future Force Warrior. The key advantage of hybrid systems is their ability to provide 
power over varying levels of energy use, by combining two power sources." The relative ca-
pacities of batteries versus fuel cells in a hybrid power system will depend on the capabilities 
of both. In the longer term, improvements in the cost and safety of lithium batteries should 
lead to a substantial role for electrochemical energy storage subsystems as components in fuel 
cell or hybrid vehicles.  
We have completed a basic research program for DOE BES on anode and cathode materi-
als for lithium batteries, extending over 6 years with a 1 year phaseout period. The emphasis 
was on the thermodynamics and kinetics of the lithiation reaction, and how these pertain to 
basic electrochemical properties that we measure experimentally — voltage and capacity in 
particular. In the course of this work we also studied the kinetic processes of capacity fade 
after cycling, with unusual results for nanostructued Si and Ge materials, and the dynamics 
underlying electronic and ionic transport in LiFePO4. This document is the final report for this 
work.   
The results obtained under this program are described below in three sections: 
1. Phase Stability and Phase Diagrams 
2. Thermodynamics of Electrode Materials for Li Batteries 
3. Dynamics of Transport in LiFePO4 
The publication list follows below. Not all results from all publications are described in the fol-
lowing text. The description of the research is intended to cover hightlights of the work that we 
consider representative of the archival publications in the list below. 
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1. Phase Stability and Phase Diagrams 
 
1.1 Nano-Silicon and Nano-Germanium Anode Materials 
There is international excitement in nanostructured materials, which will enable important tech-
nologies in the long term [1]. Advantages of nanostructured materials for anodes and cathodes 
include faster kinetics of lithium transport, minimized stress gradients in the materials, and a 
possible contribution of grain boundary regions to the capacity for lithium storage [2-9], but 
numerous other suggestions have been made and hundreds of studies have been reported. We 
recently tested several types of nanostructured anode materials for their electrochemical per-
formance in Li coin cells. These include 100 nm thin films prepared by vacuum evaporation, 
and films of 10 nm nanocrystallites prepared by ballistic consolidation. We have tested half 
cells with nanostructured Cu, Ag, Au, Si, Ge, Sn, Pb, In, Zn, Sb, Bi, Co and Mn [10]. A spec-
tacular capacity of 2,200 mAh/g with modest cycle life was achieved in half cells with nanos-
tructured Si electrodes [11,12]. There was significant irreversible capacity on the first cycle, 
however, owing to the tendency of Si to form a passivating oxide layer. The element Ge has 
weaker oxidation tendencies, and has better first-cycle performance. Figure 3 shows that the 
cycle life of thin films of Ge is excellent, and the specific capacity is 1,700 mAh/g [13] (consis-
tent with the composition Li4.4Ge). Useful rate capabilities to 1000C were achieved, suggesting 
these electrochemical cells could be used for services traditionally performed by capacitors. 
These materials may have a near-term application in solid-state microbatteries. Solid-state bat-
teries have a problem with over-discharge, when the Li layer is lost and does not reform upon 
further charging. A Ge, Si, or even Au layer could serve as a memory of the location of the an-
ode. A patent is being pursued for some of these developments.  
 
 
 
Fig. 3. (a) Bright- and dark-field TEM images of nanostructured silicon. The  particles are con-
nected in loose chains, but have widths < 10 nm.  
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 Fig. 3. (a) Left: Electrochemical capacity versus cycle number for evaporated thin films (100 
nm) of Ge, dense Ge nanoparticles, and bulk Ge [13]. (b) Right: Rate capabilities of the 
evaporated Ge nanofilms and Ge nanoparticles [13].  
 
 
 
1.2 Defects and Phase Changes in Anode and Cathode Materials 
1.2.1 Partial Dislocations in LiCoO2 
The typical cathode in a rechargeable Li battery is based on the layered structure of LiCoO2, 
comprising stacks of O-Co-O layers with planes of Li atoms between them. The typical “O3” 
phase of LiCoO2 allows for the removal of about half the Li atoms, but with further delithiations 
the structure becomes unstable. It transforms into “H1-3” and “O1” structures, which differ 
from the O3 structure by their sequence of stackings of O-Co-O layers [14-20]. These phases, 
and also the cubic spinel phase of LixCo2O4, have been associated with the cyclic degradation of 
the cathode after high voltage charging, but the degradation process is not well understood.  
In work on LiCoO2 by transmission electron microscopy (TEM), we studied dislocations in 
the O3 structure, which had been observed previously [21,22]. By performing systematic tilting 
of the sample to orient the dislocations into null contrast conditions, we identified the Burger’s 
vector of the perfect dislocations. More interestingly, we discovered a splitting of these perfect 
dislocations into partial dislocations. Again using diffraction contrast analyses as in Fig. 1, these 
partial dislocations were found to have exactly the Burger’s vector necessary to transform the 
O3 structure into the H1-3 and O1 structures. Phase transformations by dislocations occur effi-
ciently at low temperatures. Glide of these partial dislocations could be the mechanism that 
transforms layered LiCoO2 into the H1-3 and O1 structures upon delithiation. On the other 
hand, these partial dislocations cannot transform the O3 structure into the O2 structure [23,24], 
or into the cubic spinel form of LiCoO2 [25].   
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Fig 1. Typical invisibility conditions for two closely-split partial dislocations in LiCoO2. (a) 
Two-beam image with   
r 
k o = [2 021]   
r 
g = (12 10) , showing that both partial dislocation lines are 
visible. (b) Image with   
r
k o = [2 021] and   
r 
g =(112 6) . The partial dislocation with Burgers vector 
a / 3[01 10]  is visible,  while the partial dislocation with   
r 
b = a / 3[11 00] is now extinct [25]. 
 
 
1.2.2 Spinel Phase Formation in LiCoO2 
The spinel phase is known to be less active electrochemically compared to the layered O3 
phase of LiCoO2. The transformation to spinel phase seems to be irreversible, and could account 
for some capacity fade of the cathode upon cycling. In LiCoO2 subjected to hundreds of charge-
discharge cycles, especially at temperatures of 70°C or so, we found some cubic spinel phase in 
the material by TEM study. This cubic spinel phase is well-known to be present in fresh LiCoO2 
processed at lower temperatures [16,26], and had been reported previously in battery electrode 
material [21,22]. In our recent work, we identified cubic spinel phase formation on the surface 
of LiCoO2 particles that had the O3 structure before cycling. It appears that the cubic spinel 
layer grows thicker with further cycling at elevated temperatures. This could be a source of ca-
pacity fade, although a more quantitative correlation would be appropriate. As mentioned in 
section 1.1.1, it is not possible for this cubic spinel phase to form by a shear transformation of 
O3 LiCoO2. The spinel phase probably forms by nucleating on the surface of O3 particles, per-
haps after dissolution of Co atoms during charging cycles. We found that the crystallographic 
orientation relationship between the O3 LiCoO2 and the spinel phase is a precise one, as shown 
in Fig. 2 by the symmetric matching of two overlaying diffraction patterns. 
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Fig. 2. (a) Layer of cubic spinel phase, approximately 100 nm thick, formed on the surface of a 
particle of O3 LiCoO2. Spinel phase (at top) has fine granular structure, O3 phase is smooth. 
(dark field image) (b) Selected area diffraction pattern from the surface layer of spinel phase 
and the O3 particle interior, showing overlain diffraction patterns consistent with the crystallo-
graphic orientation relationship: [0001] parallel to [111], and (11-20) parallel to (440).  
 
1.2.3 Li in SWNTs 
We found new phases in lithiated single-walled carbon nanotubes (SWNTs). Purified 
SWNT material was reacted with molten lithium at 220°C for two weeks, producing a material 
with the gold color characteristic of stage-1 Li-intercalated graphite. The x-ray diffraction 
(XRD) pattern was consistent with a monoclinic unit cell with an in-plane 
  
7x 3  atomic ar-
rangement corresponding to the composition LiC10 [27]. The c-axis parameter was found close 
to 3.9 Å, 5% larger than in graphite LiC6. The TEM observations showed a multi-phase material 
that included both LiC10 and some LiC8. Evidently a significant fraction of the SWNT material 
becomes graphene-like strips after exposure to molten lithium at 220°C for two weeks. Lithium 
is then intercalated between the carbon nano-strips, forming structures of LiC10 and LiC8 that 
had not previously been observed. The electrochemical cycling of these processed SWNTs 
showed a large initial irreversible capacity, however. The reversible capacity did not exceed 250 
mAh/g.  
 
1.2.4 Study of Self-Discharge of LiCoO2 Cathode Materials 
After a charged cell is aged at an elevated temperature, some loss of capacity is typically 
observed. Most of this loss is usually "reversible", and is recovered after recharging. In our 
study of the thermal aging of charged cells, changes in x-ray lattice parameters were used to 
monitor the Li concentrations in LixCoO2 after the aging treatments caused capacity losses. 
We found that a major part of the reversible capacity loss came from lithium re-intercalation 
into LixCoO2 when it was aged in the presence of a Li salt (LiClO4) in different media. This 
requires some electrolyte decomposition, and reintercalation rates depended on the solvent. 
On the other hand, thermal aging at 75°C in the presence of pure PC or pure argon gas re-
sulted in other changes such as the formation of spinel phase. The spinel formation could ac-
count for some of the irreversible capacity loss in LixCoO2 cathodes after thermal aging [28]. 
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1.3 Phase Diagram of LiFePO4 
LiFePO4 has generated strong international interest as a promising cathode material for re-
chargeable Li batteries [29]. Recently the group in Amiens, France has found that at modest 
temperatures above room temperature, the heterosite (FePO4) and triphylite (LiFePO4) phases 
are no longer distinct [30,31]. At elevated temperatures, a new phase forms with the same 
FePO4 crystal framework, but with a unit cell that is intermediate to that of heterosite and triy-
phylite. Subsequent work by our group has developed the phase diagram for LiFePO4shown in 
Fig. 1. There is uncertainty in the phase boundary owing to sluggish kinetics at these low 
temperatures, but the unmixing transition is indeed reversible. This phase transition points* a 
new path to alter the electrochemical performance of LiFePO4, as discussed in Section 3.1. 
 
The phase diagram for LixFePO4 has been determined for different lithium concentrations and 
temperatures. The two low temperature phases, heterosite and triphylite, have previously been 
shown to transform to a disordered solid solution at elevated temperatures. This disordered 
phase allows for a continuous transition between the heterosite and triphylite phases and is 
stable at relatively low temperatures. At intermediate temperatures the proposed phase diagram 
resembles a eutectoid system, with eutectoid point at around x = 0.6 and 200°C. Kinetics of 
mixing and unmixing transformations are reported, including the hysteresis between heating 
and cooling. The enthalpy of this transition is at least 700 J/mol. 
 
Figure 1. Phase Diagram of LiFePO4, determined from x-ray diffractometry on samples 
quenched to room temperature [32]. The upper diamonds are temperatures for full disordering 
of the two-phase starting materials upon heating, the lower squares are temperatures for full 
unmixing of the quenched, disordered phase. For reasons of kinetics, we believe the actual 
phase boundary to be closer to the lower points.  
 
 
                                                
* We find no evidence of special structures at compositions x=0.5 and x=0.75 as reported by Delacourt, et al. [41], 
and they have no evidence that the new materials at these compositions are anything other than disordered phases 
[42]. 
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2 Thermodynamics of Electrode Materials for Li Batteries 
The large 4 V open circuit voltage of rechargeable Li batteries is a measure of the difference 
in chemical potential of Li atoms or ions in the anode and in the cathode. At room temperature, 
most of the contribution to the chemical potential is from the change in internal energy, E, of 
the Li atoms. A detailed picture of these changes can be obtained from electron energy-loss 
spectrometry measurements, especially in conjunction with modern electronic structure calcula-
tions. The large change in E originates with changes in the electronic environment of the Li 
atoms. The entropic contribution is much smaller — T!S is of order 0.1 eV/atom. We studied 
both the energy E and the entropy S in well-ordered materials. In Sections 3.3 and 3.4 we pro-
pose to extend this work to more typical electrode materials.  
 
2.1 EELS and Li Valence in Graphite 
 
Electron energy loss spectrometry (EELS) is a sensitive probe of atomic valence, and how it 
changes at and around Li atoms in anode and cathode materials.  One of our first efforts under 
this DOE BES program was the comparison of the Li K-edges in Li metal and in graphite near 
the composition LiC6 [33]. The experimental challenge was working with reactive samples in a 
TEM, especially the evaporated films of Li metal. Nevertheless, we did master the problems of 
oxidation and beam damage to obtain the result of Fig. 6.  It shows clearly that Li atoms are 
neutral atoms when intercalated into graphite. The name “Li-ion” battery is therefore a misno-
mer. Although published in the year 2000 [33], this result produces strong reactions whenever it 
is presented at any meeting on lithium batteries.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Li K-edges in Li metal, LiC6, and LiF, showing the similarity of edge onsets in Li metal 
and LiC6.  
 
 
2.2  Valence Changes with Lithiation in LiCoO2 
Electron energy-loss spectrometry (EELS) was used to measure the absorption edges of the 
elements in cathode materials. At the oxygen K-edges, a distinct pre-peak is found at 530 eV 
[34]. This pre-peak corresponds to electronic excitations from 1s states to unoccupied 2p states 
at the oxygen atoms. These 2p states are hybridized with Co 3d states, but the EELS spectra of 
the O K-edge measure the O 2p component of this hybrid. It can be regarded as the part of the 
antibonding state situated at an oxygen atom. The dependence of the pre-peak intensity on Li 
concentration is presented in Fig. 4, showing that these O 2p states are filled as Li is added to 
both LixCoO2 and Lix(Ni,Co)O2. Figure 4 also shows our calculations with the VASP code (per-
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formed by Peter Rez), using input atom positions for partially-lithiated samples kindly provided 
by Van der Ven and Ceder [35]. Note the excellent agreement of the calculated (*) and meas-
ured (•) results. The data are presented without any scaling parameters. The electron density 
provided by the VASP code shows that charge compensation for the Li electron occurs primar-
ily at oxygen atoms. This is the qualitative interpretation of the data themselves, and the VASP 
predictions are in quantitative agreement with our experimental measurements. Such calcula-
tions have not yet been performed on Lix(Ni,Co)O2, but the experimental trend of Fig. 1 shows 
the same behavior — charge compensation of the Li electron occurs at O atoms rather than the 
Ni or Co atoms. This is consistent with recent theoretical work [36-38]. Not all experimental 
work has been interpreted in this way [39-43], but measurements of the O K-edge do show such 
behavior [34,44-47]. From measurements of the Ni and Co L2,3 edges, we found that there may 
be a small change in 3d occupany at Ni atoms, but not at Co atoms in our samples of 
LiNi0.8Co0.2O2 [34]. 
 
 
 
 
 
 
Fig. 4. Intensity of the O pre-peak versus Li 
concentration; VASP calculations and EELS 
measurements.  In this figure, x denotes the 
loss of lithium, i.e., it corresponds to a compo-
sition Li1–xCoO2. Solid lines are best fits 
through the data [34,44]. 
 
 
 
2.3 Valence of Ni in Li(Ni,Mn,Co)O2 
There is a large body of literature on the cathode materials LixNi0.5Mn0.5O2 and 
LixNi0.33Mn0.33Co0.33O2 stating that the removal of Li
+ is compensated by the redox reaction of 
Ni2+ to Ni4+ [48-56]. We doubt this explanation, which is fundamentally different from the 
electronic structure changes in LixCoO2 as determined by ourselves and others [37,57-62], and 
from LixNi0.8Co0.2O2 as determined by our group [43,63-65]. Recently, samples of 
LixNi0.5Mn0.5O2 and LixNi0.33Mn0.33Co0.33O2 were prepared as active materials in electrochemi-
cal half cells. We cycled them electrochemically, and obtained different Li concentrations, x. 
Electronic absorption edges of Ni, Mn, Co, Li and O in these materials with differing Li con-
tent were measured by electron energy loss spectrometry (EELS) in a transmission electron 
microscope to determine the changes in  local  electronic  structure  caused  by  delithiation.   
The experimental absorption edges were generally consistent with work by others 
[52,53,66,67], showing a small shift in the Ni L2,3 edge with delithiation, but our more detailed 
analysis shows a different and more plausible interpretation than the formation of Ni4+. 
Our experimental work was supported by electronic structure calculations with the VASP 
pseudopotential package, the full-potential linear augmented plane wave code WIEN2K, and 
atomic multiplet calculations that took account of the electronic effects from local octahedral 
symmetry that were calculated by VASP and WIEN2K. The atomic multiplet calculations, 
performed by Peter Rez at Arizona State University, were crucial. The 2p-3d exchange inter-
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action is strong for mid-3d transition metals, and affects the shape of the absorption edge [68]. 
These multiplet calculations showed that a valence change from Ni2+ to Ni4+ with delithiation 
would have caused a 4 eV shift in energy of the intense white line at the Ni L3 edge, but the 
measured shift was less than 1 eV. Additional evidence against the formation of Ni4+ (and Ni3+ 
to some extent) is found in the integrated areas of the L2,3 white lines shown in Fig. 2(a) and 
(b). The peak areas undergo changes that are too small to be explained as a change of valence 
at Ni2+ ions. Both EELS and the computational efforts showed that most of the charge com-
pensation for Li+ takes place at hybridized O 2p-states, not at Ni atoms. A large change was 
found at the oxygen K-edge during delithiation, as shown in Fig. 2(d), and there are more O 
atoms than Ni atoms to compensate the charge. 
 
Figure 2. Ni L2,3 "white line" peaks from (a) LixNi0.5Mn0.5O2 and (b) LixNi0.33Mn0.33Co0.33O2 
with different x values. (c) Atomic multiplet calculation of Ni L2,3 white lines, using crystal 
field information from WIEN2K. Compared to Ni2+, the shift of the average L3 white line is 4 
eV for Ni4+, clearly inconsistent with the experimental results of parts a and b [69,70]. (d) 
Changes at the oxygen K-edge at LixNi0.33Mn0.33Co0.33O2 during lithiation.  
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2.4 Entropy and Enthalpy of Lithium Intercalation into Graphite 
Measurements of open-circuit voltages in half cells with graphite electrodes were used to 
obtain the entropy and enthalpy of lithium intercalation into carbon materials. Instrumentation 
was developed for automated measurements of open circuit voltages at different temepratures 
and states of charge. The method obtains the entropy and enthalpy of the lithiation reaction.  
natural graphite [71], and into meso carbon microbeads and cokes that were graphitized at 
various temperatures [72]. Some results are presented in Figure 4. For well-graphitized car-
bons shown in (b) and (d), at low lithium concentrations the entropy includes a large positive 
component identified as a configurational entropy of mixing. This corresponds to a relatively 
flat curve for the enthalpy of lithiation at small x, shown as an insert into (d). The entropy of 
intercalation changes sign at higher lithium concentrations, suggesting a second component. 
Raman spectroscopy and prior work on inelastic neutron scattering [73-78] indicate that this 
additional entropy is vibrational in origin. The situation is different for the more disordered 
carbons such as MCMBs heat treated at the low temperatures of 750°C and 1000°C. Here 
there is a broad spectrum of energies for Li sites as indicated by the steep slope of the en-
thalpy curve  in Fig. 4(c), so there are relatively few insertion sites at a particular value of x. 
This suppresses the entropy of mixing at small x, as shown in Fig. 4(a).  
Figure 4. (a) Evolution of !S versus Li concentration for MCMB heat-treated at 750 and 
1000°C (b) same for MCMB heat treated at 2800°C and natural graphite (c) Evolution of !H 
versus Li concentration for MCMB heat-treated at 750 and 1000°C (d) same for MCMB heat 
treated at 2800°C and natural graphite (insert is enlargement of same data).  
 –18–  
 
2.5 Evolution of lithiation thermodynamics with the graphitization of carbons 
An extensive study was performed on a series of cokes that were heat-treated at different tem-
peratures to produce different degrees of graphitization. The thermodynamics of lithium inter-
calation in these materials were then measured.  X-ray diffractometry and Raman spectroscopy 
were used to determine the structure of the carbon materials after heat treatment. The effect of 
the degree of graphitization on the entropy and enthalpy of lithium intercalation was thereby 
determined. A model is proposed to correlate the degree of graphitization to entropy profiles. 
It is shown that graphs of entropy versus open circuit voltage for different states of charge give 
quantitative information on graphitization, making them useful for the structural characteriza-
tion of partially-graphitized carbons. Even if the physical origin of the parametric plots shown 
in Figure 6 are not fully understood, the shapes of these plots have a high sensitivity to struc-
tural changes in the graphite. A patent is being pursued for this type of materials characteriza-
tion because it may see use in many other materials besides carbons.  
 
Figure 6. Parametric plots of entropy curve vs. OCV curve for two samples, 
heat-treated at 1700 and 2200 !C. 
 
 
2.6 Entropy and Enthalpy of Lithium Intercalation into LiCoO2 
 
The entropy of lithiation of LixCoO2 for 0.5 < x < 1.0 was also determined  from meas-
urements of the temperature-dependence of equilibrated voltages of electrochemical cells [79-
81]. Measured changes in the entropy of the lithiation reaction were as large as 9.0 kB/atom, 
and as large as 4.2 kB/atom within the "O3" layered hexagonal structure of LixCoO2. We per-
formed a systematic study of the different contributions to the entropy of lithiation in Lix-
CoO2. The phonon entropy of lithiation was determined from measurements of inelastic 
neutron scattering. Time-of-flight scattering spectra were measured with the Pharos spec-
trometer at the Los Alamos National Lab., and were converted to approximate phonon densi-
ties-of-states (DOS), as shown on the right in Fig. 5(b). Phonon entropy accounts for much of 
the negative entropy of lithiation because the phonons in LixCoO2 have much higher frequen-
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cies than those of Li metal [82]. On the other hand, the change of phonon entropy with lithium 
concentration was found to be small. Electronic structure calculations in the local density ap-
proximation gave a small electronic entropy of lithiation of the O3 phase.  
The configurational entropy from lithium-vacancy disorder was large enough to account 
for most of the compositional trend in the entropy of lithiation of the O3 phase if there is a 
tendency for ordered structures to form at lithium concentrations of x=1/2 and x=5/6. A con-
sequence is that the two-phase region spans from 0.83<x<0.95, somewhat stated in the litera-
ture [14,83].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) Left: Configurational entropy !Scf, 
phonon entropy !Sph, and electronic entropy !Sel contributions to the lithiation reaction in 
LixCoO2 over the composition range 0.6 < x < 0.83, superimposed on the !S measured from 
electrochemical data on OCV vs. T. The offset in the vertical arrow indicates the phonon en-
tropy of intercalation Sph, whereas !Sph is its change with x (neutron phonon DOS indicated 
approximately -20 J/mol/K). (b) Right: phonon DOS of LixCoO2, for x=0.62 and 1.0. 
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3 Dynamics of Transport in LiFePO4 
There is intense international interest in the olivine structure of LiFePO4 for service as a 
cathode material in rechargeable Li batteries. Compared to LiCoO2, LiFePO4 has reasonable 
electrochemical capacity, much lower cost, better safety characteristics, and better compatibil-
ity with the environment. Electrochemical insertion of Li+ into this material occurs by the 
transformation of heterosite (FePO4) into triphylite (Li1FePO4). These two distinct phases 
have the same FePO4 framework, probably facilitating reversibility. The Li
+ ions form one-
dimensional chains in this framework, expanding it by 6.8% in volume. 
The fundamental problem with LiFePO4 is poor electrical conductivity. Although the ma-
terial is sufficiently conductive to be useful, it has many characteristics of an oxide insulator. 
Good success has been achieved by coating small particles of LiFePO4 with a conductive car-
bon, and practical electrodes are made with this approach [85-101]. Nevertheless, the rate 
capabilities are less than optimal, and the coating step requires careful process control. 
 
3.1 Valence Fluctuations of 57Fe in Disordered Li0.6FePO4  
 
The local electronic structure around iron ions in Li0.6FePO4 was studied by 
57Fe Mössbauer 
spectrometry at temperatures from 25-240 !C. The equilibrium two-phase, triphylite plus het-
erosite, material was compared to a disordered solid solution that was obtained by quenching 
from a high temperature. Substantial electronic relaxations were found in the disordered solid 
solution compared to the two-phase material at temperatures of 130 !C and above. Fluctuations 
in the electric field gradient showed an approximately Arrhenius behavior, with an activation 
energy of 335±25meV, and a prefactor of 5 x 1011 Hz, while Arrhenius plots for the isomer 
shift showed activation energies of approximately 600 meV. It is suggested that these spectral 
relaxations are caused by the motions of Li+ ions. A slight relaxation at 180 !C in 10% of the 
two-phase material can be attributed to defects in the heterosite and triphylite phases. Overall, 
the disordered solid solution phase shows faster electronic dynamics than the two-phase mate-
rial [102]. 
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Mössbauer spectra of samples of Li0.6FePO4 prepared as two-phase mixture (H+T) and 
disordered solid solutions (D) [102]. 
 
 
3.2 Phonons and Thermodynamics of Unmixed and Disordered Li0.6FePO4 
 
The lithium-storage material Li0.6FePO4 was studied by inelastic neutron scattering and differ-
ential scanning calorimetry [103]. Li0.6FePO4 undergoes a transformation from a two-phase 
mixture (heterosite and triphylite) to a disordered solid-solution at 200 °C. Phonon densities of 
states (DOS) obtained from the inelastic neutron scattering were similar for the two-phase 
sample measured at 180 °C and the disordered sample measured at 220 °C. The vibrational 
entropy of transformation is 1.8 (0.9 J/(K mol), which is smaller than the configurational en-
tropy difference of approximately 3.1 J/(K mol). The measured enthalpy of the disordering 
transition was estimated as 2.5 kJ/mol. The phonon data show a small change in lattice dynam-
ics upon disordering. 
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Experimental phonon DOS curves for Li0.6FePO4 at 180 °C (solid) and 220 °C (dashed), 
normalized to unity [103]. 
 
 
 
3.3 Local Electronic Structure of Olivine Phases of LixFePO4 
 
Changes in the local electronic structure at atoms around Li sites in the olivine phase of 
LiFePO4 were studied during delithiation [104]. Electron energy loss spectrometry is used for 
measuring shifts and intensities of the near-edge structure at the K-edge of O, and at the L-
edges of P and Fe. Electronic structure calculations are performed on these materials using a 
plane-wave pseudopotential code and an atomic multiplet code with crystal fields. It is found 
that both Fe and O atoms accommodate some of the charge around the Li+ ion, evidently in a 
hybridized Fe-O state. The O 2p-levels appear to be fully occupied at the composition 
LiFePO4. With delithiation, however, these states are partially empty, somewhat suggestive of 
a more covalent bonding to the oxygen atom in FePO4 compared to LiFePO4. The same behav-
ior is found for the white lines at the Fe L2,3-edges, which also undergo a shift in energy upon 
delithiation. A charge transfer of up to 0.48 electrons is found at the Fe atoms, as determined 
from white line intensity variations after delithiation, while the remaining charge is 
compensated by O atoms. No changes are evident at the P L2,3-edges.  
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Oxygen K-edge from LixFePO4. The spectra 
were normalized with a 40 eV window after 
the main peak. 
 
 
 
 
 
 
 
 
 
3.4 Summary of Dynamics in Olivine Phases of LixFePO4 
 
The Li+ ions cause changes in the local electronic structure in their immediate neighborhood, 
evidently changing the occupancy of nearby Fe-O molecular orbitals [103]. These changes are 
seen in the EELS studies on Fe and O absorption edges, and can be quantified with the assis-
tance of electronic structure calculations. At elevated temperatures, both the Li+ ions and the 
valence begin to move. This is most evident in the disordered solid solution phase of LiFePO4, 
suggesting that this material has a higher intrinsic electronic and ionic conductivity.  Interest-
ingly, the Li+ hopping frequency can account for the full electrical conductivity. The polaronic 
conductivity is still expected to be the primary mechanism, however, so we propose that the 
motions of Li+ and polarons are coupled, at least in the disordered solid solution where these 
dynamics are fast. Stabilizing the disordered solid solution at operating temperatures of re-
chargeable batteries appears to be a promising approach to improving the  intrinsic rate capa-
bilities of LiFePO4. 
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